Nitrite and nitrate determinations in biological fluids are increasingly being used as markers of nitric oxide production. We have modified a nitrate reductase and Griess reaction method for the measurement of serum nitrate and nitrite in ultrafiltrated samples using a micro titre plate. The recoveries of nitrate and nitrite were 95% (range = 86-113%) and 100% (range = 92-109%), respectively. The intra and inter assay coefficients of variation for nitrate plus nitrite in the concentration range 40-50 JlM were 9·1 % and 7'8%, and in the concentration range of 2·5-10 tiM 23-4% and 25,5%, respectively. At its lower limit the assay is able to detect 125 pmoles of nitrate plus nitrite in 50 JlL of sample (2' 5 flmol/L). A mean serum nitrate plus nitrite level of 32·8 Jlmol/L (SD 12,3) was measured in 24 healthy adult volunteers (12 men and 12 women), no age or sex differences were noted.
The majority of serum nitrogen oxides (nitrite and nitrate) are end-products of the endogenous synthesis of nitric oxide from the guanidino nitrogen of L-arginine. Increased production of nitric oxide and its metabolites nitrate and nitrite is associated with infections in human beings due to the induction of inducible nitric oxide synthase (iNOS). Nitric oxide plays an important role in non-specific immunity, has cytotoxic effects and hypothetically can cause significant tissue damage in several inflammatory and autoimmune diseases. Measuring levels of nitric oxide metabolites may be useful as an inflammatory marker, as well as providing information on the pathogenesis of inflammatory diseases, such as multiple sclerosis! and HIV infection.? We attempted to measure serum nitrogen oxides using the nitrate reductase and Griess reaction methods of Hevel and Marietta,' but found their standard protocol for the assay, including a commercially available kit based on their methods, unsuitable for use in serum samples. We report on modifications to this assay which allow the reliable measurement of Correspondence to: Dr Gavin Giovannoni. nitrate plus nitrite in serum and other biological fluids with a high protein concentration.
MATERIALS AND METHODS

Principles
The Griess reaction relies on a simple colorimetric reaction between nitrite, sulphanilamide and N-(I-naphthyl) ethylenediamine to produce a pink/magenta azo product with a maximum absorbance at 543 nm. Prior to the Griess reaction all nitrate is converted to nitrite using the bacterial enzyme nitrate reductase. The principles and steps of this assay are highlighted in Fig. 1 .
Reagents
Nitrate and nitrite calibration standards (concentration range = 0-50 Jlmol/L) were prepared by diluting sodium nitrate (Sigma) and sodium nitrite (Sigma) in reagent grade water and stored at -20°C. Twenty units of nitrate reductase (Boehringer Mannheim, Lewes, UK) and 100 units of L-glutamic dehydrogenase (Sigma, Poole, UK) were reconstituted in 100 JlL sterile water aliquoted and stored at -70°C. In our hands these enzymes have remained stable for 6
Step 1 = Simple dilution If the filtrate was not clear and colourless, due to defects in the filters, the sample was refiltered. Attempts at serum filtration without prior dilution were unsuccessful, due to the high protein concentration blocking the filters.
Assay
The assay was performed in a standard flatbottomed 96-well polystyrene microtitre plate, containing 50 ul.jwell of standard or sample. The assay was blanked against PBS. Fifty microlitres of nitrate reductase and fJ-NADPH were added to each well giving final concentrations of 300 U/L and 25 Ilmol/L, respectively. The plate was incubated at room temperature for 3 h. Excess fJ-NADPH was consumed by addition of 50 ilL of PBS containing L-glutamic dehydrogenase, ex-ketoglutaric acid, and NH 4CI, (final concentrations 500 U/L, 4 mrnol/L and 100 mmol/L, respectively) followed by a 10 min incubation at 3Te. The nitrite concentration S02NH2 Azo product ().max=543nm)
H+
Step 6 =Griess 2 N III N+ ¢. S02NH2 N-(1-Naphthyl) ethylenediamine
Step 5 = Griess 5 '0, ('II","', 9
S02NH2 Sulfanilamide
Sample preparation Serum was diluted one in four with PBS, and 200--400 ilL was ultra-filtered by centrifugation at II 500 x g for 30 min, using 10000 kD molecular weight filters (Ultrafree-MC 19 , Millipore). months. fJ-NADPH (Sigma) and ex-ketoglutaric acid (Sigma) 100 Ilmol/L and 12 mmol/L, respectively, were prepared in PBS (see below) for each assay. Prepared aliquots of 1·5 mol/L NH 4CI (Sigma) in water were stored at -20°e. Griess reagent, I, 1% sulphanilamide (Sigma) in 5% concentrated phosphoric acid, and Griess reagent 2, 0·1 % N-(1-naphthyl)ethylenediamine dihydrochloride (Sigma) in water are stable for several months at 4°C in light proof containers. All sample dilutions and reagents were mixed in freshly prepared phosphate buffered saline (PBS) containing NaCI8.0g, KCIO·2g, Na 2H-P0 4 1.15 g and KH 2P04 0·20 giL. Reagent grade water was used to avoid contamination from nitrogen oxides and was made using Milli-RO and Milli Q systems (Millipore, Watford, UK). :ll E 20 OJ OJ was then measured by the addition of 50 /-IL each of Griess reagents 1 and 2, and the absorbance read at 540 nm using a plate reader after a 10min incubation at room temperature ( Fig. 2 ).
Statistics
Where appropriate data were compared using a paired or unpaired Student's t-test, a P value of < 0·05 was considered statistically significant.
RESULTS AND DISCUSSION
Protein/serum effects Doubling dilution of serum samples spiked with sodium nitrite were not parallel to the calibration curve (Fig. 2) . The median nitrate plus nitrite concentration in 10 unfiltered serum samples diluted one in four with PBS with 65'5/-1M (interquartile range=60'7-80'1) compared with 26'8/-1M (interquartile range = 23·0-34·9) in paired ultrafiltered samples (P = 0'03, paired t-test). This increase was highly variable and could not be corrected for by blanking against untreated samples (data not shown). These effects were variable and due presumably to serum components, which absorb light at 540 nm and/or interfere with the Griess reaction, and were removed by ultrafiltration. In a separate experiment ( Fig. 3 ), the addition of variable concentrations of bovine serum albumin (BSA) to samples of PBS containing either no nitrite or a fixed quantity of nitrite (25/-1mol/L) significantly increases the recovery of nitrite at all concentrations of BSA (P < 0·006, two-tailed paired r-tests, n = 3). A significant effect was seen at all concentrations of BSA greater than 100mg/L, but could be removed by ultra-filtration (data not shown). 
Incubation time
In time course experiments a nitrite recovery of 96% was obtained after an incubation time of 180min, compared to recovery rates of 63%, 72% and 94% with incubation times of 30, 60 and 120min, respectively ( Fig. 6 ). We therefore recommend an incubation time of 180min.
Precision
Precision data is summarized in Table I . The within-run precision was determined by measuring the coefficient of variation for 100 serum samples done in duplicate, these samples were obtained from 24 normal volunteers and 76 patients with various neurological disorders. The between batch variation was calculated from four samples, two with a high and two with a low concentration, measured in nine different
Recovery
Serum samples were mixed with PBS having known concentrations of sodium nitrate or nitrite. The samples were then filtered to remove high molecular weight proteins and the total nitrate and nitrite levels measured. The mean recovery was 95% (range=86-113%) and 100% (range=92-109%) for nitrate and nitrite, respectively.
Nitrate conversion
A 100% conversion of 2·5-50 11M of nitrate was obtained with 300 U/L of nitrate reductase in the presence of 251lM NADPH. When less than 200 U/L nitrate reductase was used the conversion was incomplete and the recovery unpredictable (data not shown). We therefore recommend using nitrate reductase in excess.
constituents of PBS ( Fig. 5 ). By inference this effect is due to Cl : and not Na + or K + as no effect was seen with Na2HP04 or KH 2P04 (Fig.  5 ). As serum contains a significant concentration of CI-we elected not to use the ZnS04 deproteinization method. 180 96% 94%
30
72% 63%
Giovannoni et al. 60 120 Incubation time (min) Attempts to deproteinize samples using perchloric acid (PCA) or zinc sulphate (ZnS04) were found to be unsuitable. PCA deproteinization was performed by adding 40 ilL of 60% PCA to 400 ilL of diluted serum, the samples were then vortexed and centrifuging at 14000 g for 5 min. The absorbances obtained from the supernatants were very low (data not shown) and treating the nitrite standards with PCA abolished the standard curve (Fig. 4) . This effect was not reversed by neutralizing the PCA. ZnS04 deproteinization was performed after the nitrate reductase step in individual microcentrifuge tubes, by the addition of 40 ilL of 30% (wtjvol) (2,2 mol/L) ZnS0 4 solution, the samples were then vortexed, allowed to stand for 10min and finally centrifuged at 14000 g for 5 min. Although the absorbances obtained from the samples treated with ZnS04 were similar to those obtained from the ultrafiltrates, when standards made up in PBS were treated in this manner the standard curve was abolished ( Fig.  4 ). We found that this effect was due to NaCI and KCI, at a concentration greater than 3mmol/L, and not the Na2HP04 or KH 2P04 runs. Precision data using the Griess reaction only had to be obtained from urine samples, as the levels of nitrite in the ultrafiltrates of serum is often undetectable. The nitrate plus nitrite assay performed less well than that for the nitrite assay or Griess reaction only. This probably relates to the variability of the nitrate reductase step, and is much less of a problem in samples with elevated levels of nitrate plus nitrite.
Parallelism
Parallelism was assessed by assaying doubling dilutions of nitrate and nitrite calibration standards, and ultrafiltered and non-ultrafiltrated serum samples. The resulting optical densities obtained were normalized by expressing the absorbance obtained for each dilution as a percentage of that given by the highest value for that series. The results are shown in Fig. 2 .
Sensitivity
As set out above the range of this assay is 2'5-50 J.l.mol(L, representing 125 pmoles of nitrate plus nitrate in 50 J.l.L of sample.
Normal levels
The mean serum nitrate plus rntnte levels measured in 24 healthy adult volunteers was 32·8J.1.mol(L (SO 12,3) . Mean values in men [39'0 J.l.M (SO 11,6)] and women [33,1 J.l.M (SO 11'6)] were not significantly different, and no obvious age related changes were noted between 25 and 54 years. However, this will require confirmation with a larger number of subjects. Prior to the nitrate reductase step a significant number of normal subjects had undetectable levels of serum nitrite. This was probably a dilutional effect due to the ultrafiltration step.
Plasma and other biological fluids Plasma was treated in an identical fashion to serum. In the 24 normal control subjects the serum levels of nitrate and nitrite were two to three times lower than paired plasma samples [32·8J.1.mol(L (SO 12'3) versus 81·0J.l.mol(L (SO 34,0) P< 0,001, two-tailed paired t-test]. The lower serum levels may result from protein nitrosylation during the process of coagulation. This assay is also suitable for measuring nitrate and nitrite concentrations in cerebrospinal fluid, urine and cell culture supernatants. Cerebrospinal fluid, because of relatively low levels of nitrates and nitrites, should not be diluted." Urine on the other hand, with high nitrate concentrations, should typically be diluted between 1(50 and 1(100. Cell culture supernatants must not contain high concentrations of phenol red, commonly used as a pH indicator in cell culture media, since this absorbs light at 540 nm.' Supernatants with high concentrations of protein (> 100 mg(L), should undergo ultrafiltration as above.
Conclusions
Nitrite and nitrate determinations in biological fluids are increasingly being used as markers for the activity of the nitric oxide synthases. We have adapted the methods of Hevel and Marietta! for the determination of nitrates and nitrites using a microtitre plate. We identified several problems using the assay on serum samples. First, high concentrations of protein have an unpredictable and erroneous effect on the Griess reaction, which can be overcome by deproteinizing samples. Standard laboratory techniques for deproteinization using perchloric acid or zinc sulphate were found to be unsuitable, and therefore ultrafiltration was used. This effect of protein on the Griess reaction has also been noted by others.f Interestingly, these investigators used ZnS0 4 to deproteinize their plasma samples, but would have been unlikely to observe the interaction between CI-, ZnS0 4 and the Griess reaction as their standards were diluted in distilled water. Secondly, in contrast to the 30 min in the original methods;' a longer incubation period of 3 h is required for the complete conversion of nitrate to nitrite. Using urine samples for nitrite determination alone, the Griess reaction performs well with low intra and inter coefficients of variation. However, with serum samples, with the addition of ultrafiltration and the nitrate reductase step, the assay performs less well. Reasons for this may relate to interactions of nitrate with protein, and the addition of the biological variability of the nitrate reductase enzymatic reaction. Previously published methods for this assaY,3,6,7 including a commercial kit (Cayman Chemical, catalogue No. 780001), have omitted detailed performance data making comparisons difficult. Moshage et al. 6 report an interassay coefficient of variation of less than 8%, but omit the intra-assay coefficient of variation. Gutman and Hollywood, using cadmium to convert nitrate to nitrite, report results not too dissimilar to ours with intra-and interassay coefficients of variation of 14% and 19%, respectively." In our hands the assay performs less well at concentrations at the lower end of the analytical range (2·5-lOflmol/L).
Other methods for measuring serum nitrates plus nitrites include reverse phase-? and ion exchange high-performance liquid chromatography (HPLC),1O capillary electrophoresis't-F and gas chromatography with mass spectrometry. 13 All these methods require expensive equipment and are not suitable for processing large numbers of samples. The method using activated cadmium to reduce nitrate to nitrite," is less practical and more difficult to perform in a microtitre plate than that using nitrate reductase. A more sensitive fluorometric assay has also been described for measuring nitrite in biological samples, but has no added advantage over the Griess reaction as the samples still require ultrafiltration.l" It is important to note that sodium azide, ascorbic acid, dithiothreitol, mercaptoethanol and thiol-containing amino acids have been reported to interfere with the Griess reaction. 15 In conclusion, we feel that this modified serum nitrate plus nitrite assay is simple, relatively reliable and suitable for processing large numbers of biological samples to investigate patients with inflammatory disease.
